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In a previous study of the time course of muscle injury, using the mouse extensor digitorum longus (EDL) muscle, McCully and Faulkner (17) measured the time course of muscle injury and recovery in a surgical model. They found that muscle force transiently decreased to a minimum after -3 days and then recovered after -14 days. However, the surgical procedure itself caused a 20% decrease in muscle force and probably also induced an inflammatory reaction, which complicated interpretation of their results. Faulkner et al. (9) then developed a noninvasive method of controlled ankle plantarflexion that documented a similar time course of injury and recovery and also demonstrated differential injury to the different dorsiflexor muscles, with the mouse EDL decreasing in maximum tetanic tension by -50% and the tibialis anterior (TA) by -40% 3 days after the initial injury.
Given the evidence of differential injury to the TA and EDL, the putative role of the inflammatory response (18, 25) , and our ability to localize specific intracellular proteins, we developed a noninvasive model of the rabbit TA similar to that used by . We used monoclonal antibodies to localize muscle cytoskeletal and contractile proteins that permitted determination of the muscle fiber's response to eccentric contraction-induced muscle injury. We tested the hypothesis that muscle cytoskeletal dissolution and loss of myofiber integrity are associated with the development of exercise-induced muscle damage and the drop in muscle force production.
METHODS
Animal cure. The TA and EDL muscles of the New Zealand White rabbit (3.2 t 0.4 kg) were chosen for this study because of their accessibility and architectural differences. Animal care adhered to the "National Institutes of Health Guide for the Care and Use of Laboratory Animals" and was approved by the University of California San Diego Committee on Care and Use of Laboratory Animals. After terminal experiments, all animals were killed by intravenous injection of pentobarbital sodium (Euthanol).
Experimental design. Ankle dorsiflexion torque was measured before exercise treatment and at one recovery time period 1 (n = 8), 2 (n = 7), 3 (n = 7), 7 (n = 8), 14 (n = 6), and 28 days later (n = 6). After initial torque values were measured, animals were eccentrically or isometrically exercised for 30 min. An isometric group was tested 1,2, and 7 days after stimulation (n = G/time period) to provide an estimate of the torque decline due to 30 min of repetitive stimulation alone. After the specified recovery period, contractile properties were again recorded, followed by measurement of isolated TA and EDL forces.
In vivo noninvasive treatment. Rabbits were anesthetized with a subcutaneous injection of a ketamine-xylazine-acepromazine cocktail (50, 5, and 1 mg/kg body mass, respectively) and maintained on isoflurane anesthesia (2%, 1 l/min). Heart and respiratory rates were manually monitored throughout testing.
A activation (Fig. 1) . The motor was calibrated by hanging known masses on the foot plate at measured distances from the motor arm axis of rotation (calibration factor 2.5 V l N-' l m-', ? = 0.99). Accuracy was +2%, and repeated-measurement error was 0.65 t 0.20%. The rabbit ankle joint center of rotation was aligned with the motor arm axis of rotation. Tibiotarsal and femorotibial angles were set to 100 and 90", respectively, with use of a goniometer. Twitch threshold current was determined by activating the peroneal nerve via subcutaneous needle electrodes placed over the peroneal nerve in the region of the fibular head (Fig. 1) . Threshold currents below -3.5 mA indicated accurate electrode placement. If threshold current was too high, electrodes were repositioned to achieve optimal stimulation. Stimulation current was then increased until peak twitch torque was reached. Subsequent treatments and all dynamic torque measurements were made at two to three times this level to guarantee complete activation of the dorsiflexor musPassive Stretch Isometric cles. (Activation of antagonist muscles was easily detected, because it resulted in torque waveforms that were in the wrong direction or showed abrupt changes during contraction. If this occurred, electrodes were repositioned.) For noninvasive eccentric exercise treatment, the ankle was moved from -100 to 70° over a 400-ms period (stretch) and then returned to the starting position (shorten). The stretching movement during activation provided the eccentric exercise for TA and EDL muscles. This pattern was repeated every 2 s for 30 min, resulting in 900 cyclic eccentric contractions. It was important to estimate the in vivo tensions experienced by the muscles during treatment to determine muscle forces occurring during eccentric exercise. We thus used the moment arm calculations (see below) to estimate the deformation magnitude for the TA and EDL and then imposed the identical length changes on the isolated muscles (Fig. 2) . During eccentric contraction, the EDL experienced -140% maximal isometric tetanic force (P,), whereas the TA experienced only -115% P,. Therefore the "treatment tension" was greater for the EDL than for the TA.
Eccentric
For determination of joint torque, twitch and tetanic contractions were measured. Stimulation frequencies of 5, 10, 15, 20, 40,60,80,100, and 200 Hz with a train duration of 1,000 ms (for frequencies <20 Hz) or 750 ms (for frequencies >20 Hz) were used to generate the force-frequency relationship. All tetanic records demonstrated a clear tension maximum (Fig. 2) . Maximum tetanic torque was defined as the peak of the force-frequency relationship, which occurred between 100 and 200 Hz for all rabbits tested.
In situ muscle contractile testing. The TA and EDL tendons were each clamped to a separate motor arm (models 360 and 6400, Cambridge Technology). We used methods described by Lieber et al. (16) . Briefly, an incision was made from the ankle to the midthigh, and the peroneal nerve was located. The leg was immobilized using Steinmann pins at the distal femur and midtibia, which were secured in a rigid fixture, and distal TA and EDL tendons were clamped and aligned with their respective motor measurement axes. A small cuff electrode was placed around the nerve. Muscle temperature was maintained at 37°C with use of radiant heat, mineral oil, and a servo-temperature controller (model 73A, Yellow Springs Instrument, Yellow Springs, OH). TA and EDL muscle length were adjusted until twitch tension was maximal, and contractile properties were measured during twitch and tetanic contractions. Stimulation frequencies were the same as those used in the noninvasive procedure. Half-fusion frequency (HFF) was defined as the frequency at which the tension was 50% of PO. This was determined by linear interpolation of the force-frequency curve with use of only the data points immediately above and below 50% of P, (i.e., in the linear region of the fusion-frequency curve). Finally, muscles were repetitively stimulated at 40 Hz, 330 ms on and 670 ms off, for 2 min, as described by Burke et al. (3) . This test was designed to fatigue the muscle fibers but not the neuromuscular junction or the motor nerve. Fatigue index was defined as the tension after 2 min of stimulation divided by initial tension. Superficial biopsies from the TA and EDL midbellies were prepared for electron microscopy, as described by Lieber et al. (16) . Remaining portions of the muscles were oriented in OCT embedding medium (Lab-Tek Products, Naperville, IL) on a piece of paper, frozen in isopentane cooled by liquid nitrogen (-159"C), and stored at -80°C for histochemical processing.
Hematology and blood chemistry. Blood was collected for analysis at three points during the course of treatment. For the initial noninvasive exercise session, blood was collected immediately after subcutaneous sedation was performed and before isoflurane administration. Blood was again collected immediately after the exercise session, usually within 5 min of completion. Final blood was collected just before the terminal testing, again just after subcutaneous sedation was given.
Whole blood for complete blood count and hemoglobin was collected in EDTA-lined Microtainer tubes and analyzed on a Serono-Baker System 9000 device (Serono-Baker, Allentown, PA). White blood cell differential was manually counted by a technician experienced in this method and blinded to the treatment protocol.
Blood for serum chemistry analysis was collected in an inert gel serum separator Microtainer, immediately centrifuged, and analyzed by a Kodak Ektachem System DT60 machine (Eastman Kodak, Rochester, NY). Serum creatinine, creatine kinase, and lactate dehydrogenase concentrations were measured.
Immunohistochemistry methods. Tissue analysis was performed on six EDL and six TA muscles per time period, although these were not necessarily the identical muscles on which contractile data were obtained. (Twenty-four of 42 muscles for which contractile data were obtained were also subjected to tissue analysis. The remaining muscles were generated using the identical protocol but harvested without contractile testing.) Serial transverse sections were cut using a cryostat microtome at -20°C and mounted on glass slides. Sections were stained with Gomori Trichrome to visualize fascicle outlines, NADH, and adenosinetriphosphatase (pH 9.4). Cryosections were stained with antibodies against laminin to visualize the fiber's basal lamina (19); fibronectin (24) to detect intracellular deposits, thus indicating membrane lesions; desmin for evaluation of the structural integrity of the cytoskeletal network (22); and embryonic myosin as an index of fiber regeneration.
To quantify fiber size and distribution, morphometry was performed on laminin-stained sections after fiber typing with use of an interactive image analysis system connected to a Zeiss . Axiophot light microscope that was equipped with a camera (DAGE-MTI, Michigan City, IN). Measurements were performed using a calibrated digitizing pad in conjunction with a computer-controlled morphometry program (IBAS, Kontron, Eching Munich, Germany). All observers were blinded with respect to sample identity.
For each muscle, two sections free of large cracks or obvious sectioning artifacts were obtained from the central muscle portion. Within this section, nine fascicles were sampled. About 60 fibers were measured per fascicle (by stereological point counting), corresponding to -10% of the entire muscle, which is well above that recommended by Weibel (26). Point counting was used to define the area fraction of muscle fibers demonstrating the absence of the desmin protein or the expression of embryonic myosin. All specimens were coded, and counting was performed by observers who were blinded to the code.
Muscle moment arm determination.
After the muscles were excised and the animals were killed, TA and EDL tendons were exposed and the foot was partially skinned, with the ankle retinaculum remaining intact. Silk suture (3-O) was tied to the proximal TA tendon stump, and the EDL tendons were grouped together and tied as one tendon. The suture-tendon junctions remained distal to the retinaculum during joint rotation while both sutures coursed beneath the retinaculum. The tibia was immobilized with two Steinmann pins, one in the proximal one-third and one in the distal one-third. The foot was then positioned in a custom jig, and the suture was connected to a toothed cable (model 33GBF, Berg, East Rockaway, NY).
A 200-g mass was tied to the cable end, and the cable was placed over a toothed nonbacklash gear (model 32D416, Berg) mounted to a potentiometer used to measure tendon excursion (potentiometer calibration = 3.86 mm/V, accuracy = 0.57 t 0.13%). An electrogoniometer (model 150, Penny and Giles, Gwent, UK) was attached to the foot and enabled ankle angle measurement as the ankle was passed from 90' dorsiflexion to full extension (180"). Joint angle and tendon excursion were recorded by a Macintosh IIcx computer running the Superscope data acquisition program (G. W. Instruments, Cambridge, MA).
Muscle moment arms were then calculated as the slope of the tendon excursion-foot angle curve (Fig. 3) where n is required sample size, u is population standard deviation, 6 is difference desired to detect, Q is desired significance level, u is degrees of freedom, and ,8 is desired type II error rate.
b," and t,,," are the t statistics for the selected cy, ,8, and u.
In these experiments, significance was set at 0.05 (i.e., cy = 0.05) and the statistical power at 280% (i.e., ,8 = 0.20). Because maximum tetanic tension has a standard deviation of ~300 g, to resolve a change in muscle tetanic tension of approximately this degree (i.e., 6 = 300 g), a sample size of five to six was required. Values are means t SE.
RESULTS
Contractile torque and muscle tension after treatment. A significant amount of growth occurred in these young rabbits throughout the experimental period. Whereas the average preexperiment rabbit mass was 2.6 t 0.1 kg, the average rabbit mass after 28 days was 3.4 t 0.2 kg. Because a strong linear relationship between rabbit mass and dorsiflexion torque was observed in all animals, dorsiflexion torque was corrected for animal mass with use of the following regression relationship Time Following Exercise (Days) ered to nearly control levels after 7 days (Fig. 4A) . Torque levels at 14 and 28 days after eccentric exercise were not significantly different from those observed before exercise (P > 0.5). Interestingly, in the isometric contraction group, torque decreased significantly after I day to the level for the eccentric contraction group and then recovered to control levels only 2 days after isometric exercise. These data suggest that the eccentric exercise itself triggered a series of events that further decreased muscle force over time. In terms of contractile r,.,.,.,.,.,. 0 ,...,.,.,.,.,.,,,,,,,,_,,,,,~,,,,~~,, ,,,,,, . . . .,.,. x .,.,.: .,.,. x.,.&: .,.,.,,..,.,.,,.,..,.,.,,_,,,, ., > speed, the stimulation frequency at which the contractile record was half-fused, i.e., HFF, significantly increased in the eccentrically exercised muscles from an initial value of -48 Hz to -60 Hz 1 and 2 days after the initial exercise (Fig. 4B) . HFF was only slightly changed in isometrically exercised muscles and, in all cases, returned to control levels after 7 days. The isolated TA and the EDL demonstrated a differential response to eccentric contraction. Both muscles demonstrated a transient decrease and then recovery of force throughout the experimental period (Fig. 5) . However, the magnitude of the force decline was much greater for the EDL (Fig. 5A ) than for the TA (Fig. 5B) . The EDL decreased in maximum tetanic tension by -75%, whereas the TA decreased only -40%. Maximum tetanic tension after isometric contraction was equivalent to that observed after eccentric contraction at 1 day but was significantly greater than that observed after eccentric contraction at 2 days ( Fig. 5 ; P < 0.01).
MuscZe moment arms. Kinematic measurements revealed that the TA and EDL muscle moment arms were nearly identical. Average TA moment arm acting at the ankle was 10.6 t 0.4 mm, whereas the EDL moment arm was 9.5 t 0.4 mm (n = 6 measurements/tendon). Given that the TA muscle fibers were, on average, 53.3 mm long, whereas the EDL fibers were only 17.7 mm long (14), we calculated that EDL muscle fibers strained 27%, whereas TA muscle fibers strained only 10%.
Fatigability of muscle. Interestingly, the only contractile parameter that had not resolved to control levels by 7 Time After Exercise (Days) days after eccentric exercise was the fatigue index (Fig.  6 ). The fatigue index remained significantly elevated for 14 days after eccentric exercise (P < 0.05) in the TA and for 7 days in the EDL. Fatigue index of both muscles returned to control levels only after 28 days. Muscles activated isometrically demonstrated the identical increase in fatigue index for 1 day, but most muscles (14 of 18) returned to control levels after 2 days. Blood chemistry and hematology. Serum creatine kinase was significantly elevated 1 and 2 days after eccentric exercise but resolved after -7 days (Fig. 7) . This represents a much faster transient response to eccentric exercise than is observed in humans (6,8) (Fig. 7A) . Circulating white blood cell count significantly decreased immediately after eccentric exercise but then was restored to normal after only 1 day postexercise (Fig. 7B) . However, because a similar effect was observed in the isometric contraction group, this probably simply represents white blood cell trapping by the tissue.
Alterations in myofibrillar cytoskeleton. The most striking change observed after eccentric exercise was the loss of desmin staining in various fibers across the muscle (Fig. 8A) . Desmin is a cytoskeletal protein that is located in the muscle Z disk. Because the sections were -8 pm thick, loss of desmin staining indicated Z-disk disruption extending across several sarcomeres, which are each -2.5 pm long. As expected on the basis of contractile data, the percentage of "desmin-negative" fibers within a section was much greater in the EDL than in the TA. For example, 3 days after eccentric exercise, >30% of the EDL fibers had lost desmin staining, whereas only -15% of TA fibers were desmin negative (Fig. 9A) . This percentage rapidly decreased in both muscles, so that, by 7 days postinjury, the percentage was -10% for the EDL and only 5% for the TA (P < 0.05). By 28 days postinjury, ~1% of desmin-negative fibers could be found. Interestingly, most, but not all, desmin-negative fibers were also fibronectin positive, indicating loss of cellular integrity accompanying cytoskeletal disruption (Fig. 8B) . Desmin staining was lost even though the muscle fiber maintained contractile and oxidative enzymes (Fig. 8C) . In such micrographs, infiltration of inflammatory cells was apparent.
In the 18 muscles for which contractile and immunohistochemical analysis was performed 1 and 2 days after eccentric exercise, there was a significant negative correlation between maximum tetanic tension and the percentage of desmin-negative fibers (Fig. 10) . For the TA, this relationship was described as follows tetanic tension (g) = -24.6 (%desmin-negative fibers/g)
+ 1,962 (g) (P < 0.001, ? = 0.50) whereas that describing the relationship between EDL tetanic tension and percent desmin-negative fibers was described as follows 
+ 4,547 (g) (P < 0.0001, 3 = 0.82) suggesting that the loss of the cytoskeletal protein desmin is a causal factor in muscle force decline for the TA and EDL. Signs of muscle fiber regeneration. A specific marker for the myofiber regeneration process is the expression of embryonic myosin, a form of the myosin contractile protein that is normally not present in adult skeletal muscle fibers. We thus used the antiembryonic myosin antibody to detect the presence of regenerating fibers. Again, not surprisingly, a larger proportion of EDL than TA muscle fibers entered the degeneration-regeneration cycle. However, the timing of myosin expression was different for the two muscles (Fig. 9B) . The EDL demonstrated -10% regenerating fibers 3 days after injury and >15% regenerating fibers 7 days after injury. The TA, on the other hand, while also showing -10% of the fibers regenerating 3 days after injury, showed a decreased percentage of -5% regenerating fibers 7 days after injury (P > 0.4). This probably represented a more rapid recovery of the TA than of the EDL in response to a less severe injury.
DISCUSSION
The purpose of this study was to define the time course and nature of eccentric contraction-induced injury to rabbit hindlimb muscle fibers. Our main finding was that severe cellular disruption occurred in both muscles, which consisted of loss of normal staining for the cytoskeletal protein desmin; deposition of intracellular fibro-T (0) and EDL (0). In both cases, there was a significant correlation between the 2 variables: tetanic tension (g) = -24.6 (%desmin-negative fibers/g) + 1,962 (g) (P < 0.001, ? = 0.50) for TA, and tetanic tension (g) = -72 (%desmin-negative fibers/g) + 4,547 (g) (P < 0.0001, 4 = 0.82) for EDL. Data were from animals 1 or 2 days after eccentric exercise.
nectin, indicating loss of cellular integrity; expression of embryonic myosin, signaling initiation of the regeneration process; and cellular infiltration, indicating initiation of an inflammatory response. In addition, differential injury to the TA and EDL occurred, which was consistent with the magnitude of the strain experienced by the muscles during eccentric exercise (15).
Role of inflammation in muscle injury. The contractile data obtained generally mimic the results from the invasive study of McCully and Faulkner (17) , in which muscle force decreased to a minimum after 2-3 days and almost fully recovered after 1 wk. We also observed the presence of intramuscular inflammatory cells, which was consistent with the time course of force decline after the initial exercise bout. Cellular infiltration was uniquely associated with the eccentric exercise itself in that isometrically exercised muscles were devoid of infiltrating cells and the same force decrement was not observed after isometric exercise of the same duration. Thus we hypothesize that eccentric exercise initiates events that result in extravasation of leukocytes and monocytes from the bloodstream and infiltration by these cells into the tissue. This cellular infiltration results in further tissue degradation, probably by release of proteolytic enzymes, which are designed to enable tissue remodeling. A similar scenario has been proposed by Cannon et al. (5) in human exercise studies. In the current study, the magnitude of the force drop 1 day after eccentric exercise was -50% of the entire response, which then occurred ov the next 2-3 days. If the hypothetical damage scheme 'er is correct, postexercise cellular infiltration and the associated release of proteolytic enzymes were responsible for as much injury as the initial mechanical and metabolic insults.
Fiber cytoskeletal disruption. The fact that the muscle fiber cytoskeleton reveals complete disruption within 1 day o f eccentric exercise further emphasizes its dynamic nature and ability to respond to severe mechanical events. We observed loss of desmin staining in cells where other contractile and metabolic enzymes appeared completely normal and in cells where the extracellular matrix protein fibronectin was still excluded. Thus cellular disruption is not required for cytoskeletal derangement and may even represent a deliberate proteolytic event that permits rapid intracellular remodeling. The dynamic nature of the cytoskeleton, which has proven important in regulating other cellular synthetic and degradative processes, may also be involved in sending messages to muscle cells to respond to an exercise stimulus. Perhaps the desmin loss has the functional purpose of detaching the myofibrillar apparatus from the extracellular matrix, in effect putting the muscle in "neutral" during the remodeling process. The differential time course of embryonic myosin expression between the TA and the EDL may simply indicate that the TA response, which appeared to be less severe in magnitude, is nearing resolution by 7 days, whereas the more severe EDL response is still in the process of fully developing.
Fiber type specificity in muscle injury. Finally, these data lead to the conclusion that different muscle fibers within a muscle and different muscles within synergistic groups can be differentially injured in response to eccentric exercise. Whereas our previous acute experiments revealed that these injured fibers were exclusively of the fast-twitch glycolytic fiber type, no such clear-cut distinction could be made in the present study. Thus the elevated fatigue index is probably not a reflection of fiber type-specific damage.
Our inability to demonstrate a fiber type-specific effect was in large part due to the fact that the injury process itself, which often resulted in fiber regeneration, made traditional histochemical fiber typing impossible. However, even in the cases where fiber typing was possible, a number of type IIa and even some type I fibers demonstrated morphological abnormalities. Thus, whereas fiber oxidative enzyme potential may be one factor that predisposes a fiber to injury, it is clearly not the only factor. For example, a type IIa fiber in the EDL, which experiences ~20% strain, is much more likely to be injured than a type IIa fiber in the TA, which experiences only -10% strain. What cannot be answered presently, however, is the relative risk of injury to a type IIa fiber in the EDL, which experiences 20% strain compared with a type IIb fiber in the TA, which experiences 10% strain. Clearly, future experiments are required to quantify the relative role of metabolism and mechanics in muscle fiber injury.
The prolonged elevation in fatigue index for the TA and EDL (Fig. 6 ) is difficult to interpret. First, it is not clear exactly what part of the neuromuscular system is responsible for the force decline measured during the 2-min fatiguing protocol. Whereas the method was developed to classify relatively homogeneous fibers within a motor unit (3), it is often applied to the study of whole muscle properties. Fatigue indexes are useful for discriminating between motor unit types but may not be as effective in discriminating between muscles with mixed fiber type populations. We measured a significant increase in fatigue index over the first 2 days, even in isometrically exercised muscles, so that such an elevation cannot be uniquely attributed to tissue injury. Regener-
